Introduction
In the Japanese iron and steel industry, it works on the research of the recycling of the waste generated in the society, and the recycling of the waste plastic has been put to practical use. 1, 2) Concretely, it is a recycling process in the blast furnace and the coking furnace. Authors in addition to this worked on the basic research into the recycling of the wood biomass. The use of woody biomasses, which permits the use of existing plant infrastructure and low-temperature exhaust heat, is attractive to the Japanese steel industry. Among others, the coke-making process, which permits the processing of not only carbonized products but also gas and hydrocarbon oil of woody biomasses with existing infrastructure alone, is considered to be one of the processes suited for their utilization.
The recycling of the woody biomass has been researched since the past. However, the many are the researches on the gasification, [3] [4] [5] [6] [7] [8] [9] and the research that pays attention to carbonization is little. [10] [11] [12] Ohta et al. 11, 12) revealed that, when more than 1 % waste wood is screened to below 3 mm, coke strength is lowered and the lowering of coke strength is inhibited by increasing the size of the waste wood to be added. However, basic experimental data on woody biomasses are still lacking. Besides, the low bulk density and low collectibility of woody biomasses are impeding the realization of their commercial use.
This paper deals with a detailed study of the feasibility of utilizing woody biomasses not so much recycled like waste wood for construction and thinned wood etc. in the cokemaking process. First, carbonization tests were conducted on several types of woody biomasses in order to determine their carbonization behaviours. Next, compression forming pre-treatment tests were conducted in order to determine the feasibility of raising the low bulk density of woody biomasses. Furthermore, coke was prepared by adding formed products of woody biomasses to coal in order to evaluate coke quality by determining coke strength and observing coke structure.
Experiment Methods

Carbonization Behaviours of Woody Biomasses
Carbonization Test on Woody Biomasses
Test specimens were prepared from chips of commercially available thinned wood, bamboo, and red pine crushed to not more than approximately 3 mm in size. The experiment was conducted in a small sized electric carbonization furnace capable of reproducing the reducing atmosphere and heat-up conditions in coke ovens. Carbonization was carried out in a reducing atmosphere for which inside of device was substituted with nitrogen for 2 h before it experiments, with the temperature raised to 1 000°C at a rate of 5°C per minute. Figure 1 shows the apparatus used for the experiment. The test specimen (30-50 g) placed in the carbonization case in the furnace was heated. The gas produced by pyrolysis was cooled and liquefied in a tar pot and cooling tube and collected in the tar pot. The gas that remained unliquefied was collected by a gas bag. After carbonization, the material balance among the gas, liquid, and (Received on December 6, 2007 ; accepted on February 15, 2008 ) The technology using waste wood from construction and thinned wood that are not recycled in the woody biomass as one of raw materials for producing metallurgical coke was examined in detail by adding them to coal and carbonizing them. In the carbonization tests, four types of woody biomasses showed substantially almost the same results in respect to material balance and composition of carbonized products. Compared with raw woods, woody biomasses compressively formed to not smaller than 10 mm permit an increase in the addition rate to 1.5 % while inhibiting the lowering of coke strength. Hot compressive forming at 200-350°C where pyrolysis of woody biomass occurs inhibits the lowering of coke strength and will therefore permit an increase in the use of woody biomasses. As a result, the possibility to use as a raw material for the coke manufacturing by adding the compressively formed woody biomass was found.
KEY WORDS: woody biomass; recycling; carbonization; metallurgical coke.
residue in the carbonization of woody biomasses was determined by calculating the weight of the residue and liquid. The gases and liquids were qualitatively analyzed by using a gas chromatograph equipped with thermal conductor detector (GC/TCD) and a gas chromatograph mass spectrometer (GC/MS), respectively.
Woody Biomass TGA Test
Test specimens were prepared from chips of commercially available thinned wood, bamboo, red pine, and cedar crushed to not more than approximately 3 mm in size. The test specimens were heated in a nitrogen atmosphere to 1 000°C at a rate of 5°C per minute, and the weight change was determined. The volume of the gas produced was determined, and its quality was analyzed.
Production and Properties Evaluation of Woody
Biomass-added Coke 2.2.1. Compression Forming Pre-treatment Test on Woody Biomasses Test specimens were prepared from chips of cedar crushed to an average of 0.4 mm. The test specimens were put in an 11-mm-diameter die and compressively formed under a pressure of approximately 80-100 MPa applied by a hydraulic press. Compressive forming was carried out at room temperature, 100°C, and 200°C, and the apparent density and breaking strength of the formed products of woody biomasses were determined. Apparent density was estimated from the volume and weight of the compressively formed products determined by using a vernier caliper and an electronic balance, and breaking strength was determined by using a Kiya-type hardness meter.
Production Test and Properties Evaluation of
Woody Biomass-added Coke A container (460 mm long by 130 mm wide by 655 mm high) was filled with mixtures of the crushed powders of woody biomasses, the compressively formed products prepared at room temperature, and coal in an electric furnace with a filling factor of 800 kg/m 3 . Cokes were produced by carbonizing the mixtures in the electric furnace for 3 h by raising the temperature from room temperature to 1 000°C at a rate of 5.5°C per minute. The particle size and addition rate of the crushed powders and compressively formed products were varied. The coal was Goonyella coal (with a moisture content of 4.1 %). While the strength of the obtained cokes was determined by using an I-type drum tester that was rotated 600 times at a rate of 20 times per minute, the structure was observed using an optical microscope. Figure 2 shows the material balance after the carbonization of the woody biomasses. Figure 2 shows the data for the three materials tested, i.e., thinned wood, bamboo, and red pine, and the material balance of the cedar investigated by Kato. 13) The post-carbonization material balance of the woody biomasses was substantially the same among all four materials. Roughly, the gas content, liquid content, and residue were 20, 55, and 25 %, respectively. Liquid contains H 2 O and oil. H 2 O is from 70 to 90 % in liquid and oil is from 10 to 30 % in liquid, respectively.
Experimental Results
Material Balance and Liquid and Gas Compositions after Carbonization of Woody Biomasses
13)
The qualitative analysis revealed that the gas and liquid compositions were also substantially the same among all four materials. Figure 3 shows the results of qualitative analysis of the gases. The gases were principally composed of carbon dioxide, carbon monoxide, methane, and hydrogen. Their percentages were 33 to 43 % for carbon dioxide, approximately 30 % for carbon monoxide, 14 to 19 % for methane, and 8 to 15 % for hydrogen. from the carbonization of woody biomasses have a calorific value of approximately 12 500 kJ/Nm 3 and are therefore well worth recovering and using.
The liquids were composed of approximately 70 components, and water, acetic acid, alcohols, and phenols were the principal ones.
Composed of substances harmless to the coke-making process, it is possible to recover and reuse the produced gases and liquids by using the infrastructures of existing coke-making processes. Figure 4 shows the results of the TGA test on the woody biomasses. Here atmosphere is N 2 , heating speed is 5°C/min, size of sample is -0.1 mm. And sample is prepared by frozen crushing. The four types of woody biomasses showed substantially the same weight reduction behaviours. Their weight decreased moderately between room temperature and approximately 100°C and then greatly between 200 and 350°C. Figure 5 shows the results of analysis of the quantity of gas generation resulting from the temperature rise. While Fig. 5 shows the results of analysis of the thinned wood, the results of the other test specimens were also substantially the same. As can be seen in Fig. 5 , a small amount of gas is generated up to 100°C and a large amount of gas is generated between 200 and 350°C. This corresponded to the results of the TGA test that showed a moderate weight reduction in the vicinity of 100°C and a great weight reduction between 200 and 350°C. Because, in addition, there were two peaks in the first and second halves of the mass gas generation between 200 and 350°C, it appears that there occurred a two-step reaction. Therefore, qualitative analysis of the produced gas was conducted in three temperature ranges of 50-150°C, 150-270°C, and 270-500°C, and the compositions of the gases resulting from the three reactions were separately determined.
Pyrolytic Behaviour of Woody Biomasses during Carbonization
According to the results of the qualitative analysis, the gas detected in the vicinity of 100°C comprised more than 90 % water and a minuscule amount of carbon dioxide. Therefore, the weight reduction up to 100°C is considered to have resulted from the evaporation of the adhered water. The hemi-cellulose, cellulose and lignin that are the main elements of wood cause the pyrolysis reaction rapidly with about 180-550°C. 14) In the temperature range between 150 and 270°C, substances having benzene rings were detected in large quantities. As lignin, which is a principal constituent of plants, has many benzene rings in its structure, it appears that the pyrolysis of lignin occurred in the first half of the weight reduction between 200 and 350°C. Between 270 and 500°C, while substances having benzene rings were similarly detected in large quantities, substances whose structure resembles that of glucose, which is a constituent of cellulose, were also detected in large quantities. Accordingly, it appears that pyrolysis of not only lignin but also cellulose occurred in the second half of the weight reduction between 200 and 350°C.
The difference in Char yield in Fig. 4 and Fig. 5 is estimated to originate in the difference of the size of the sample of both.
Changes in Density and Strength Caused by Com-
pression Forming Pre-treatment of Woody Biomasses Figure 6 shows the relationship between the apparent density of the formed products of woody biomasses and the forming temperature. While the apparent density of the uncrushed, uncompressed wood was approximately 0.5 g/cm 3 , that of the woody biomass compressively formed at room temperature was approximately 0.8 g/cm 3 . The apparent density of the product compressively formed at 100°C was somewhat higher than that of the product formed at room temperature, whereas that of the product formed at 200°C increased further to approximately 1.3 g/cm 3 . From the results of the TGA test and gas analysis mentioned earlier, it appears that the density increase at 100°C was due to the evaporation of moisture and that the great density increase at 200°C was due to the beginning of the decomposition of such constituents as lignin. Table 2 compares the breaking strengths of coal (slightly caking Enshu coal) and the formed products of woody biomasses. While the breaking strength of the coal was 5 to 15 kg, that of the products formed at room temperature was 7 to 8 kg and was at substantially the same level. The reason that such strength can be obtained without using any bond is that fibres of the biomass structure twist together on being formed. The mechanism is not clear, and the clarification is a task for the future. The breaking strength of the products compressively formed at 200°C exceeded 30 kg. Because the colour of the products formed at 200°C is somewhat darker, it appears that the liquid resulting from the decomposition of the constituents functioned as a binder and provided a material increase in strength. Figure 7 shows the relationship between the particle size of tablet woody biomasses and the I-type drum strength of coke. The addition rate was 1 %. The points in the dottedline square on the left indicate the strength of the cokes produced by adding the crushed powders of unformed woody biomasses. While coke strength was low when the size of the crushed powders was 0.4 mm and 0.8 mm, it became equal to that of the coke to which no biomass was added when the size of the crushed powders was 2.0 mm. The points in the dotted-line square on the right indicate the strength of the cokes produced by adding the formed products at room temperature of woody biomasses whose tablet size are 11 mm and 15 mm (refer to Sec. 2.2.1 for the method of compression forming test on woody biomass). No strength drop was recognized in the cokes to which the formed products of woody biomasses were added. Accordingly, even small woody biomasses, which have the potential to adversely affect coke strength, can possibly remain coke strength when they are compressively formed at room temperature. Figure 8 shows the relationship between the addition rate of the 11-mm-large formed product and the Itype drum strength of cokes. When the size of the tablet is 11 mm, no coke strength drop was recognized while the addition rate remained below 1.5 %. In Fig. 8, I type-drum strength of coke that adds the woody biomass by 0.5 % and 1.5 % is one or more larger than I-type drum strength of standard coke of no woody biomass addition. However, the mechanism is not clearly and is a problem to be solved in the future. Here, I-type drum strength mean value of standard coke of no woody biomass addition is 85.6 in Fig. 7 and Fig. 8 . The standard deviation a when strength of the metallurgical coke for blast furnace is measured by this method is about 0.5. Therefore, differences up to 0.5 were considered within the range of the difference. Figure 9 shows micrographs of the cokes produced. The formed products of woody biomasses retained their shape even after carbonization. No noticeable coke embrittlement was recognized at the interface between the coke and formed products of woody biomasses. This can be accounted for by the facts that woody biomasses, unlike coal, do not soften and melt under heat, their pyrolysis ends in the vicinity of 350°C (Fig. 4) , and relatively large quantities of carbon remains after the completion of pyrolysis (Fig. 4) . A past study 2) on coke produced by adding polystyrene and other plastics to coal reports that the added plastics formed voids and the coal that freely expanded to such voids formed brittle coke layers. In contrast, the formed products of biomasses, which are expected to form carbides at 350°C, do not form such voids. From this, it is presumed that the coal that softened in the temperature range above 400°C did not freely expand and did not form brittle coke layers. In some parts, coke and woody biomass were recognized to separate from each other, thereby forming voids therebetween. Because no such heavily embrittled coke layers as those resulting from free expansion were present in the vicinity of such voids, they are considered to have resulted from localized separation caused by contraction of the coke in the cooling process.
Properties Evaluation of Woody Biomass-added Coke
Discussion
Effects of the Particle Size of Woody Biomasses on
the Strength of Woody Biomass-added Coke A past study 11, 12) presumed that lowering of the softening and melting properties of coal resulting from the addition of waste woods was a major cause of deterioration in coke strength. In contrast, our study directly observed an interface between the formed products of woody biomasses and cokes. This direct observation led to a discovery that separation between woody biomasses and cokes due to the contraction of cokes on cooling causes concentric formation of such defects as moderate embrittlement and voids at their contact interface. The mechanism shown in Fig. 7 where the lowering of coke strength was inhibited as the size of the woody biomasses increased can be accounted for as follows: As the size of the woody biomasses increased, the area of contact between the woody biomasses and cokes decreased and the degree of adverse effects on the softening and melting properties and the number of defects decreased to such a level as would have no effect on coke strength. The results of our tests agree with a past finding 11, 12) that an increase in particle size inhibits the lowering of coke strength. However, there are quantitative differences in the absolute values of strength and the relationship between particle size and strength. In order to quantify the effects of the particle size of woody biomasses on coke strength, more detailed studies should be made through experiments that consider differences in the types of coal and woody biomass and the effects of their combinations.
If it is assumed that the woody biomass is spherical in shape, the contact area between the woody biomass and coke A (mm 2 ) can be expressed by Eq. (1), in which the total weight of the woody biomass added is W (g), their particle size is 2r (mm), their apparent density is d (g/mm 3 ), and the number added is N (piece). 2) ......... (1) Accordingly, contact area A can be decreased by increasing not only particle size r of the woody biomass but also its density d. The rise of the particle size of the woody biomass reduces the contact area of a woody biomass and coal. Figure 10 shows the relationship between average size of tablet of woody biomass r and modified contact area of woody biomass and coal Aϫ(d/3W) which is obtained by substituting average size of tablet of woody biomass shown in Fig. 7 for the Eq. (1). The modified contact area decreases rapidly within the range of the woody biomass of the average particle size 0.4 mm and 2.0 mm. Because d and W are constant here, the change in the modified contact area and the contact area is the same. Therefore the decrease in the contact area and the rise of I-type drum strength of coke correspond qualitatively. It is estimated to be able to control the decrease in coke strength as a result. As this study correlated the measured coke strength to only the particle size of the woody biomasses added, no clear discrimination is made between the effects of the decrease in the contact area resulting from the increase in particle size on coke strength and the effects of the decrease in the contact area resulting from the increase in density on coke strength. The task to be tackled is to separate and consider the effects of increasing particle size and increasing density.
From the above-mentioned experimental results in Fig. 7 , lower limit of woody biomass size is estimated to be between 3 mm and 10 mm. Theoretical examination on the lower limit of woody biomass size and establishment of a numeric correlation in Fig. 7 and Fig. 8 are tasks for the future.
Measures for Increasing the Addition of Woody
Biomasses In order to increase the addition of woody biomasses without lowering coke strength, it is necessary to decrease the contact area between woody biomasses and cokes. Compressive forming can effectively decrease the contact area by increasing both particle size and density.
Our study revealed that coke strength remained unlowered when compressively formed products of woody biomasses were added at room temperature up to 1.5 %. The quantity of addition can be increased by applying a pretreatment to compressive forming under heat. Because woody biomasses start pyrolysis at such relatively low temperatures as approximately 200°C, the liquids resulting from the decomposition of their constituents will possibly serve as binders. The density of products compressively formed at 200°C is not less than 60 % higher than that of products formed at room temperature. Studies and experiments on the use of hot-compressed products must be made to determine the feasibility of utilizing the low-temperature waste heat from steelworks. The coke yield and coke strength become the restriction conditions when the above-mentioned measures are executed, and the coal substitution use ratio of the woody biomasses is estimated to be 2-3 %.
Conclusions
The following findings were obtained from the basic investigation on the carbonization behaviours of woody biomasses, experiments on compression forming pre-treatment to raise their low bulk density, and properties evaluation of cokes prepared by adding their formed products that were carried out with a view to realizing the substitution of coal with woody biomasses in coke ovens:
(1) In the carbonization tests, four types of woody biomasses showed substantially almost the same results in respect to material balance and composition of carbonized products. They also showed similar behaviours in the investigation of carbonization behaviours. Therefore, all types of woody biomasses can be treated similarly in recycling with coke ovens.
(2) Compared with raw woods, woody biomasses compressively formed at room temperature to not smaller than 10 mm permit an increase in the addition rate to 1.5 % while inhibiting the lowering of coke yield.
(3) Hot compressive forming at 200°C resulted in the production of formed products whose density was more than 60 % higher than that of those formed at room temperature. The increase in density inhibits the lowering of coke strength and will therefore permit an increase in the use of woody biomasses.
(4) The problems to be solved before realizing practical use are as follows: 1) As this study correlated the effects of woody biomasses on coke strength to only their particle size, the effects of density increase are left unconsidered. The effects of particle size and those of density must be separately considered. 2) Hot compressive forming of woody biomasses will permit an increase in the use of woody biomasses in coke-making processes. As this study was limited to compressive forming at room temperature, further studies must be made on the hot compressive forming of woody biomasses along with a strength evaluation and structure observation of cokes produced with the addition of their products compressively formed under heat.
3) The low bulk density and low collectibility of woody biomasses are impeding the realization of their practical use. Use with waste plastics that have already been used as coke-making materials will make up for the low collectibility of woody biomasses. Study must be made on the use of their mixtures. 4) While investigation must be made for the quantitative distribution of woody biomasses, cost and environment evaluations must be made for their transportation and drying processes.
